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ABSTRACT 

Polyimides  based  on  a  perfluorinated  dianhydride  decrease  in  thermal  and  thermal- 
oxidative  stability  upon  photolysis  with  an  unfiltered  medium  pressure  mercury  lamp  source. 
Additionally,  the  glass  transition  of  photolyzed  polyimides  containing  the  perfluorinated 
moiety  is  lowered  with  increasing  photolysis  time.  By  contrast,  pyromellitic  dianhydride 


INTRODUCTTION 


The  degradation  of  polymeric  materials  which  are  exposed  to  ultraviolet  radiation 

I 

i 

continues  to  be  the  subject  of  a  large  number  of  investigations.  Despite  extensive  studies  j 

on  most  engineering  plastics  and  surface  coatings  comprised  of  almost  every  conceivable 
type  of  basic  polymer  structure,  there  are  surprisingly  few  reports  in  the  literature  on  the 
photostability  of  polyimides  (1-4).  Perhaps  the  scarcity  of  data  on  the  photodegradation  of 
polyimides  is  due  to  the  well-known  relative  stability  of  polyimides  based  on  pyromellitic 
dianhydride  and  aromatic  diamines  such  as  4,4'-oxydianiline.  Because  such  polymers  are 
only  degraded  upon  prolonged  exposure  to  a  broad  band  UV  source  (1),  the  tendency  is 
to  assume  that  all  aromatic  based  polyimides  regardless  of  structure  are  equally  phctostable. 

As  shown  in  the  literature  (5),  polyimides  derived  from  bisaromatic  dianhydrides 
with  a  bridging  hexafluoropropane  (6F)  group  have  quite  superior  thermal  decomposition 
properties  compared  to  similar  polyimides  based  on  bisaromatic  dianhydrides  which  contain 
other  bridging  groups  such  as  oxygen  or  carbonyl  moieties.  The  so  called  6F  polyimides 
(3,5-8)  are  also  readily  soluble  in  a  number  of  solvents  and  due  to  their  structure  do  not 
display  a  significant  red  shifted  absorbance  above  350  nm  as  is  characteristic  of  so  many 
aromatic  based  polyimides.  In  a  recent  paper  (9),  we  reported  on  the  spectroscopic  (UV, 
Fluorescence,  FT-IR),  chromatographic  (GPC),  and  viscometric  (inherent  viscosity)  changes 
resulting  from  photolysis  of  two  6F  based  polyimides  (shown  below-designated  6F-ODA 
and  6F-MDA)  and  analogous  polyimides  based  on  pyromellitic  dianhydride  (PMDA)  and 
the  same  two  diamines  (designated  PMDA-ODA  and  PMDA-MDA).  In  addition,  weight 
loss  measurements  were  conducted  for  films  photolyzed  with  a  broad  band  funfiltered)  450 
watt  medium  pressure  mercury  lamp.  All  of  our  results  indicate  the  photolability  of  the 
6F  based  polyimides.  In  this  second  paper  in  a  series  of  reports  on  the  photochemistry  of 


polyimides,  we  concentrate  on  the  thermal  changes  resulting  from  the  photolysis  of  the  two 
6F  based  polyimides  6F-MDA  and  6F-0DA  since  preservation  of  the  thermal  stability  of 
polyimides  is  a  key  factor  involved  in  defining  their  long  term  durability  and  service  life  as 
a  material. 


6F-ODA 


6F.MDA 


EXPERIMENTAL 

Materials.  Pyromellitic  dianhydride  (PMDA,  Aldrich)  was  recrystallized  from  methyl 
ethyl  ketone  (MEK)  and  vacuum  sublimed  prior  to  use.  Polymer  grade  2,2-bis(3 '  ,4  * - 
dicarboxyphenyl)hexafluoropropane  dianhydride  (6F,  Hoechst  Celanese)  was  used  without 
further  purification.  4,4 '  -Oxydianiline  (ODA,  American  Tokyo  Kasei)  was  recrystallized 
from  ethanol  and  sublimed  under  vacuum.  4,4 '  -Methylenedianiline  (MDA,  Aldrich)  was 
vacuum  distilled.  Dimethylacetamide  (DMAc,  Aldrich)  used  as  the  solvent  in  the 
polymerizations  and  the  viscometric  analyses  was  dried  over  molecular  sieve  4A  and 
fractionally  distilled  under  vacuum  from  calcium  hydride. 


Synthesis.  In  each  rase,  the  requisite  diamine  was  dissolved  in  DMAc  in  n  nitrogen- 
purged  flask  and  an  equimolar  amount  of  the  dianhydride  was  added.  The  reaction  mixture 
contained  15  weight  %  solids  and  was  stirred  at  room  temperature  for  eight  hours.  The 


polyamic  acid  solution  was  poured  onto  soda  lime  glass  plates  and  spread  using  a  drawbar 
that  produced  a  3  mil  thick  wet  film.  The  polyamic  acid  was  thermally  converted  to 
polyimide  by  heating  in  a  Blue  M  forced  air  oven.  The  temperature  program  used  in  the 
curing  process  involved  20  minutes  at  6CPC,  1  hour  at  lOCPC,  1  hour  at  20CPC,  and  1.5  hours 
at  26CPC.  There  was  a  ramp  time  between  isothermal  settings.  The  glass  plates  were 
placed  in  hot  water  to  facilitate  the  removal  of  the  polyimide  films.  FT-IR  analysis  of  the 
films  showed  them  to  be  essentially  fully  imidized.  The  characteristic  imide  bands  (10)  at 
1780,  1720,  1370,  and  720  cm'^  were  seen  in  the  IR  spectra  of  the  cured  films.  Inherent 
viscosities  of  the  polyimides  synthesized  for  0.5  wt%  solutions  in  DMAc  at  35°C  were  as 
follows:  PMDA-ODA-1.19  dL/g;  6F-ODA-0.69  dL/g;  and  6F-MDA-0.50  dL/g. 

Photolysis.  The  photolyses  were  conducted  using  the  full  unfiltered  arc  of  a  450  W 
Canrad-Hanovia  medium  pressure  mercury  lamp  in  air.  Films  were  placed  approximately 
8  cm  from  the  lamp. 

Thermal  Analysis.  A  DuPont  9900  thermal  analyzer  was  used  for  the 
thermogravimetric  analysis  (TGA)  and  DSC  scans.  DSC  and  dynamic  TGA  scans  were 
obtained  with  ICPC/min  temperature  ramps.  During  the  TGA  experiments  a  continuous 
flow  of  the  desired  gas  (nitrogen  or  air)  was  maintained  through  the  sample  compartment. 

RESULTS  AND  DISCUSSION 

Data  will  be  presented  for  thermal  property  changes  resulting  from  photolysis  with 
the  unfiltered  output  of  a  medium  pressure  mercury  lamp.  Although  we  have  also  subjected 
the  polyimides  used  in  this  study  to  filtered  output  from  other  lamp  sources,  this  paper  is 
restricted  to  photolysis  with  the  broad  band  mercury  lamp  output  since  in  certain  instances, 
i.e.,  coatings  applications  on  space  craft,  polyimides  will  be  subjected  to  unfiltered  sunlight 
with  substantial  output  in  the  far  UV  from  200-300  nm.  Furthermore,  actual  identification 


of  the  photoproducts  generated  and  the  mechanism  of  primary  photolysis  is  relegated  to  a 
separate  paper  which  will  deal  with  the  photochemistry  of  small  molecule  aromatic  imides 
as  well  as  the  imide  chromophores  in  the  polyimides.  Due  to  the  complexity  of  the 
photochemistry,  it  is  necessary  to  treat  this  subject  in  a  separate  paper. 

Figures  1-4  show  the  DSC  scans  of  the  6F-ODA  and  6F-MDA  polymers  before  and 
after  exposure  of  films  for  20  hours  to  the  broad  unfiltered  output  of  a  450  watt  medium 
pressure  mercury  lamp.  The  unphotolyzed  samples  exhibit  a  hysteresis  after  passing  through 
glass  transition  at  278PC  (Figure  1  -  6F-ODA)  and  21  &C  (Figure  3  -  6F-MDA).  The 
hysteresis  is  probably  results  from  an  incomplete  relaxation  of  the  polymer  chains  during 
the  casting  and  subsequent  thermal  coalescing/curing  process  employed  to  generate  the 
films.  A  common  method  for  eliminating  the  so-called  "hysteresis"  is  to  anneal  the 
polyimide  and/or  perform  a  second  heating  cycle  resulting  in  a  more  traditional  glass 
transition.  However,  in  our  case  we  prefer  to  work  with  and  report  results  for  the  initial 
films  as  formed.  The  photolyzed  samples  (Figures  2  and  4)  show  loss  of  the  hysteresis 
accompanied  by  a  shift  in  the  glass  transition  by  approximately  2CPC  in  each  case.  Figure 
5  shows  a  plot  of  T^  versus  photolysis  time  for  the  6F-ODA  and  6F-MDA  polymers.  In 
view  of  the  reported  loss  in  molecular  weight  reported  in  our  previous  paper  (9)  for  6F- 
ODA  and  6F-MDA  upon  photolysis,  the  drop  in  Tg  and  subsequent  loss  of  heteresis  seems 
fairly  reasonable  since  one  might  expect  considerable  reorientation  to  result  from  chain 
cleavage.  This  is  consistent  with  the  reported  relative  photolytic  stability  of  the  PMDA 
based  polyimides  (9). 

One  of  the  prime  considerations  for  any  polyimide  is  its  thermal  stability  in  the 
absence  of  oxygen:  for  instance  it  is  the  excellent  temperature  stability  of  6F-based 
polyimides  which  has  provided  the  impetus  for  their  development  and  characterization. 


Figures  6  and  7  show  TGA  scans  for  unphotolyzed  and  photolyzed  6F-ODA  and  6F-MDA 
polymers.  For  comparison  a  TGA  scan  of  PMDA-ODA  is  also  shown  in  Figure  7  before 
and  after  photolysis.  The  temperatures  for  weight  loss  (nitrogen  atmosphere)  at  5%  (Tgo/,) 
as  well  as  the  temperature  (T^^ax)  derivative  maximum  (dw/dT)^  are  listed  in  Table 
I  for  PMDA-ODA,  6F-ODA,  and  6F-MDA.  From  the  rather  straightforward  results  in 
Table  I,  the  loss  in  simple  thermal  stability  in  nitrogen  atmosphere  of  the  6F-ODA  and  6F- 
MDA  polyimides  is  quite  evident  as  judged  by  the  reduction  in  temperature  required  for 
weight  loss  of  5%  for  the  photolyzed  samples.  Interestingly,  however,  the  temperature  at 
the  derivative  maximum  (T^ax)  change  to  any  appreciable  extent  after  photolysis. 

To  assess  the  thermal  oxidative  stability  of  the  6F  polymers  after  photolysis,  dynamic 
and  static  (isothermal)  TGA  scans  were  conducted  for  the  6F-ODA  polyimide  for 
photolyzed  and  unphotolyzed  samples.  The  dynamic  scan  (Figure  9)  shows  a  temperature 
for  5%  weight  loss  of  351°  C  for  the  photolyzed  sample  compared  to  524°  C  for  the 
unphotolyzed  sample.  The  isothermal  results  (continuous  air  purge,  46CPC  )  in  Figure  10 
show  an  immediate  drop  in  weight  of  about  20%  for  the  photolyzed  sample  (curve  b)  as 
the  system  is  establishing  thermal  equilibrium.  Subsequent  heating  for  two  hours  shows  a 
marked  decrease  in  weight  to  about  30%  of  the  original  value.  By  contrast,  the 
unphotolyzed  sample  shows  a  rather  modest  decrease  to  about  70%  of  the  original  weight 
in  two  hours.  The  combined  results  in  Figures  9  and  10  demonstrate  the  destructive  nature 
of  the  photolysis  of  the  6F-ODA  polyimide  film  with  respect  to  thermal  oxidative  stability. 
Similar  results  were  obtained  for  the  6F-MDA  polyimide;  however,  the  PMDA-ODA 
polyimide  shows  essentially  no  loss  in  thermal  oxidative  stability  upon  photolysis  under 


similar  conditions. 


CONCLUSIONS 


In  this  brief  paper,  we  have  clearly  demonstrated  the  results  of  exposure  of  6F-based 
polyimide  films  to  a  medium  pressure  mercury  lamp  on  their  thermal  stability.  In  oxygen 
and  nitrogen  atmospheres  the  thermal  stability  of  the  6F-ODA  and  6F-MDA  polymers  are 
measurably  impaired.  In  addition,  DSC  scans  show  a  significant  drop  in  the  glass  transitions 
of  photolyzed  films  with  accompanying  loss  of  the  hysteresis  present  in  the  unphotolyzed 
films.  We  are  currently  in  the  process  of  conducting  similar  studies  on  a  wide  variety  of 
polyimides  with  different  structural  features.  In  addition,  we  will  publish  under  separate 
cover  a  complete  mechanistic  description  of  the  basic  photochemistry  of  polyimides  and  the 
relationship  of  the  polymer  chain  rigidity  and  structure  to  the  chemical  reactions  responsible 
for  property  deterioration.  We  also  plan  to  extend  our  investigations  to  higher  molecular 
weight  polyimides  since  6F  polyimides  cured  at  much  higher  temperatures  and  under 
different  conditions  may  lead  to  higher  molecular  weight  polyimides  and  resultant  polymer 
films  with  different  resistance  to  photodegradation.  Also  photolysis  with  lamp  sources  which 
have  been  filtered  to  remove  radiation  below  300  nm  will  no  doubt  yield  somewhat 
different  results  from  those  reported  in  this  manuscript.  However,  the  present  study  is 
valuable  since  it  serves  to  illustrate  the  deleterious  effect  of  a  moderate  intensity  broad 
band  mercury  lamp  source  on  the  thermal  stability  of  a  certain  class  of  6F  polyimides 
generated  under  a  specific  set  of  reaction  conditions. 
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Figure  Captions 

Figure  1.  DSC  thermogram  of  unphotolyzed  6F-ODA  film. 


Figure  2. 


DSC  thermogram  of  6F-ODA  film  photolyzed  for  20  h  in  air  using  a  medium 
pressure  mercury  lamp  (unfiltered). 


Figure  3.  DSC  thermogram  of  unphotoJyzed  6F-MDA  film. 


Figure  4.  DSC  thermogram  of  6F-MDA  film  photolyzed  for  20  h  in  air  using  a  medium 
pressure  mercury  lamp  (unfiltered). 


Figure  5.  Ig  change  on  photolysis  of  polyimide  films  in  air  using  a  medium  pressure 
mercury  lamp  (unfiltered),  (a)  6F-ODA,  (  ★  );  (b)  6F-MDA,  (  #  ). 


Figure  6.  Change  in  TGA  thermograms  (nitrogen)  on  photolysis  of  6F-ODA  films  m 

air  using  a  medium  pressure  mercury  lamp  (unfiltered),  (a)  O  h,  ( - ^);  (b) 

12  h,  ( - ). 


Figure  7.  Change  in  TGA  thermograms  (nitrogen)  on  photolysis  of  6F-MDA  films  in 

air  using  a  medium  pressure  mercury  lamp  (unfiltered),  (a)  O  h,  ( - );  (b) 

12  h,  ( - ). 


Figure  8.  Change  in  TGA  thermograms  (nitrogen)  on  photolysis  of  PMDA-ODA  films 

in  air  using  a  medium  pressure  mercury  lamp  (unfiltered),  (a)  O  h;  ( - ); 

(b)  12  h,  ( - ). 


Figure  9.  Change  in  TGA  thermograms  (air)  on  photolysis  of  6F-ODA  films  in  air 

using  a  medium  pressure  mercury  lamp  (unfiltered),  (a)  O  h,  ( - );  (b)  12 

h,  (— -). 


Figure  10.  Change  in  isothermal  TGA  thermograms  (air)  at  46CP  C  on  photolysis  of  6F- 
ODA  films  in  air  using  a  medium  pressure  mercury  lamp  (unfiltered),  (a)  O 
h,  ( - );  (b)  12  h,  (-— ). 
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Table  I 


Polymer 

Photolysis  Time  (h)* 

T5V.(”C) 

6F-ODA 

O 

513 

575 

6F-ODA 

12 

446 

568 

6F-MDA 

O 

532 

561 

6F-MDA 

12 

384 

561 

PMDA-ODA 

O 

564 

600 

PMDA-ODA 

12 

568 

609 

*Photolysis  with  a  medium  pressure  mercury  lamp  in  air. 


